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The current energy crisis experienced by society today is in desperate need of a solution. 
Through carbon dioxide (CO2) reduction, we can reduce the amount of greenhouse gas 
that is warming our planet as well as create a source of renewable energy. Significant 
challenges currently inhibit the reduction of CO2 to more desirable products. Current 
limitations can be addressed through the design and synthesis of more efficient catalysts 
that are selective, durable, and operate close to the target thermodynamic potential of 
CO2 reduction. In this work, three redox-active macrocyclic ligands have been 
synthesized and studied for the development of potential catalysts for electrochemical 
CO2 reduction. The implementation of all three ligands varied, and ultimately 
electrocatalytic results with a novel ruthenium-based complex were obtained via cyclic 
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I. The Energy Crisis and A Promising Solution 
With climate change a looming issue in today’s society, the need for eco-friendly 
and renewable energy sources is more urgent now than ever. Although it is no secret that 
the Earth’s climate is dynamic, the recent dramatic increase in atmospheric carbon 
dioxide is alarming. In the past, the variable levels of carbon dioxide (CO2) in our 
atmosphere have been due to tiny changes in the Earth’s orbit, which increased or 
decreased the Earth’s exposure to solar energy and in turn warmed or cooled the planet.1  
For the first time in history, though, the recent global warming has been caused by 
human actions.1 Humans have increased the concentration of atmospheric CO2 by more 
than 33% through 
actions such as 
deforestation and 
the burning of fossil 
fuels such as coal, 
oil, and natural gas 
since the Industrial 
Revolution in the 
late 19th century. 
This increased 
concentration in CO2 then traps the heat that the Earth outwardly radiates and prevents it 
from escaping beyond the atmosphere.2  
Figure 1. Atmospheric CO2 levels have increased post-
Industrial Revolution based on evidence found in ice core 
atmospheric samples.2 
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The full effects of increased atmospheric CO2 go beyond the surface-level effects 
of global warming. The warmer Earth is now melting polar ice and mountain glaciers 
which are in turn raising the sea level a steady 3.2 millimeters per year.3 This warmer 
ocean is also becoming more acidic, killing off integral parts of the marine food chain 
such as coral and phytoplankton.4 Precipitation patterns are changing, causing extreme 
drought in some places and increased rainfall in other places.3 
 It is no surprise that the Earth is changing. Energy consumption has hit record 
highs with the United States using 97.7 quadrillion British thermal units (Btu) of heat 
energy in 2017 alone. Within that total amount of energy used, 80% was produced by 
either natural gas (37%), petroleum (29%), or coal (14%); all of which significantly 
contribute to the atmospheric CO2 increase.5 In addition, the US Energy Information 
Administration predicts that the total Btu of energy used worldwide is not only expected 
to stay at these high levels but is predicted to increase by 28% by the year 2040 in 
comparison to worldwide usage in 2015.6 
 The need for promising fuel alternatives is staggering, and scientists are now 
looking to nature for inspiration. Although excessive amounts of atmospheric CO2 are 
detrimental to the environment, it is a critical component of the ecosystem. As a basic 
reactant in natural photosynthesis, CO2 is essential to the survival of plants. This 
successful process in nature has led scientists to pursue the possibility of storing energy 
in chemical bonds through the reduction of CO2. In order to implement this process, 
catalysts must be designed to direct the transformation of CO2 into adequate chemical 
fuel components. Through the use of these catalysts, a carbon cycle will be completed in 
which the CO2 produced by combustion can then be reduced and used again as the fuel 
	 3	
itself. With the attainment of this renewable energy source, we can stop adding to the 
growing concentration of atmospheric CO2 and start reversing society’s damage to the 









  Figure 2. An example of a carbon dioxide cycle producing no excess CO2.7 
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II. Artificial v. Natural Photosynthesis 
 As previously mentioned, natural photosynthesis is not a new concept. Figure 3 
represents the reaction in which plants use CO2 and water to generate carbon-based 
organic compounds like glucose while releasing oxygen as a by-product back into the 
atmosphere. This process is driven by energy in the form of sunlight which is then stored 









The process of water oxidation exemplified in photosynthesis releases protons and 








Figure 3. Conversion of light energy to chemical energy by photosynthesis.9 
Figure 4. The general structure of a PEC cell. 10  
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This premise carries over into artificial photosynthetic systems which instead use 
photoelectrochemical cells to create the same result, in essence. In a 
photoelectrochemical cell (PEC cell), light is used to power the oxidation of water into 
molecular oxygen, which releases protons and electrons that are used to convert carbon 
dioxide into reduced carbon products in a water-based electrolyte.11 The goal of this 






III. CO2 Reduction 
The ability to convert CO2 directly into usable, liquid fuels is a long sought-after 
goal that would ultimately change the way we interact with our environment as well as 
solidify the concept of true renewable energy. Reduction of CO2 already creates a wide 
range of carbon-based products that are currently used as types of fuels today such as 
methanol, formic acid, or ethylene.12 It also produces CO which, although harmful to 
humans, is utilized in the Fischer-Tropsch synthesis to generate various products such as 













There are two large challenges facing this chemistry. The direct reduction of CO2 
is energetically unfavorable as exemplified in Figure 5—it requires a great deal of energy 
to produce CO2•, an unstable radical anion, in water. In addition, the standard potentials 
Figure 5. Examples of CO2 reduction pathways and 
the corresponding Standard Potentials.12 
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for CO2 reduction to the majority of carbon-based products are only found within a very 
slim 400 mV range, and CO2 reduction also competes with proton reduction which is a 
more energetically favorable reaction making it complex to selectively create a desired, 
useful product.14 This aspect is especially imperative in our project which demands the 
catalysts we synthesize to selectively reduce CO2 in the presence of a proton source 
through proton-coupled reaction steps.  
However, there are solutions to the multiple challenges faced by CO2 reduction. 
Certain compounds can be used to stabilize the activated form of CO2 that is produced, 
which provides the capacity for catalytic transitions requiring less energy to produce 
carbon-based products.14 Also, using a proton-coupled multielectron reductions 
eliminates the generation of radical ions altogether and bypasses the high energy barriers 
created by these unstable intermediates, including the large overpotential needed to 
initiate and complete the reduction via this particular pathway.15 To ultimately optimize 
the results of CO2 reduction, homogeneous redox catalysts are employed to mediate the 
electrochemical reduction of CO2 in order to lower the kinetic barriers faced and in turn 




IV. Nitrogenous Macrocycles as Catalysts in Previous Works  
Choosing to focus on nitrogenous macrocycles featuring a transition metal active 
site for CO2 reduction is rooted in the history of electroreduction catalysts. Early 
electrocatalysts that were successful were structured as bipyridine complexes, tetra-aza-
macrocyclic ligands featuring a first row transition metals, or metals ligated by tertiary 
phosphines. All of these produce 2e- reduced carbon-based products, with carbon 
monoxide, formate, or a mixture of both composing the major products.14 The reduction 
capacity of modern nitrogenous macrocycles inspired by these past catalysts can possibly 
be attributed to an ideal geometry relating to the featured transition metal center. 
Nitrogenous macrocyclic catalysts can be further sorted into two groups: they can either 
have a redox-active structure or have the ability to enable CO2 reduction due to having 
correctly positioned hydrogen bonding interactions with the activated substrate.15  
One of the more recently reported groups of macrocyclic catalysts featuring 
redox-active ligands supporting a nickel active site with the ability to accummulate 
multiple reducing requivalents as well as having two electron-rich N-heterocyclic carbene 
(NHC) donors. This new family of bipyridyl-NHC complexes reported by Jurss and 
coworkers in 2018 shows promising ability in reducing CO2 to valued-added products.16 
Figure 6. The three bipyridyl-NHC catalysts studied by Xiaojun Su et al..16 
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Indeed, these complexes were investigated for photocatalytic CO2 reduction in the 
presence of an iridium photosensitizer and were found to convert CO2 into CH4.17 From 
the catalyst series (Figure 6), the macrocyclic catalyst 3-Ni stands out for its success in 












V. Introduction of L3 Modifications 
With the promise of 3-Ni, we chose to further explore this macrocyclic compound 
and its properties by modifying the basic ligand framework known as L3. First, we 
sought to improve the existing structure of L3 through addition of two separate anchoring 
groups, PC (for “methyl propriolate carboxyl ester”) and PY (for “pyrene”), for the 
purpose of attaching L3 to an electrode surface. This particular type of surface 
modification has shown to dramatically increase a catalyst’s ability to reduce CO2 
through more efficient electron transfer.18 The addition of PC benefits L3 through 
transformation of the ester group to an acid which can in turn be linked to an electrode 
surface as an electrocatalyst or to a TiO2 surface as a photocatalyst.19 PY’s value as an 
addition to L3 lies in the fact that PY is a polyaromatic hydrocarbon group that can be 
used to non-covalently attach to the surface of graphene or carbon nanotubes (CNTs) 
electrodes through strong van der Waals pi-pi interactions which allows for outstanding 
surface stability.20 Another benefit of surface attachment to form a heterogenized catalyst 





Figure 7. The structure of L3 modified by the PC and PY groups.  
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In addition, we chose to metalate L3 with a different transition metal, specifically 
ruthenium. The logic in selection of this element is multifaceted. Many ruthenium-based 
catalysts have already been reported for the purpose of CO2 reduction with great success, 
although they are not copious in number and represent a relatively unexplored sector of 
catalysts in comparison to other categories. Furthermore, multiple first-row transition 
metals have already been utilized in our research group with the L3 structure so we 
sought to investigate the effects of a more stable second-row transition metal in place of 
nickel.	 
	 12	
MATERIALS AND METHODS 
The syntheses of all compounds were done under a N2 atmosphere using standard 
Schlenk techniques. All experimental procedures, synthesis reactions, and NMRs were 
performed in cooperation with Anthony Devdass. In addition, all high resolution mass 
spectrometry, cyclic voltammetry, and controlled potential electrolysis experiments that 
produced a figure or image in this paper were done through a partnership with Anthony 
Devdass. The results associated with the three ligands discussed in this paper were the 













PC: An imidazole (6.48 g, 190.4 mmol), methyl propiolate (1.0 g, 23.8 mmol) and ZnCl2 
(0.016 g, 0.238 mmol) mixture was refluxed for 5 days in 40 mL of methanol. The 
mixture was then filtered and the liquid layer of solvent evaporated. The product was 
washed with cold THF and recrystallized using toluene. Yield: 1.46 g, 56%. 1H NMR 
(400 MHz, CDCl3): δ = 3.57 (s, 1 H), 3.78 (d, 2 H, J = 7.48 Hz ), 6.90 (s, 1 H), 6.99 (t, 1 
H, J = 7.48 Hz, J = 7.56 Hz), 7.55 (s, 2 H), 8.01 (s, 2 H). 13C NMR (101 MHz, MeOD) δ  
= 39.48, 52.76, 65.60, 118.48, 130.14, 137.78, 169.98. HR-ESI-MS: m/z calc. for [PC + 
Cs]+ , 353.0018. See Figure 9 for reference.22 
 
Figure 8. The synthesis mechanism for 






















































































































































































Figure 9. A1, B1, and C1 depict the 1H and 13C NMRs for PC as well as the HR-
ESI-MS for PC. 
C1.	PC,	HR-ESI-MS	
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L3-PC: A mixture of 6,6’-bis(bromomethyl)-2,2’-bipyridyl (1.36 mmol, 0.465 g) and 
newly synthesized PC (1.36 mmol, 0.3 g) was stirred at reflux for 7 days in 60 mL of 
CH3CN-H2O solution (1:1 v:v). This was followed by an addition of NH4PF6 (6.8 mmol). 
The solution was then centrifuged and the precipitate was collected via filtration. Yield: 
0.441 g, 80.5%. 1H NMR (400 MHz, CD3CN): δ = 3.81 (s, 3 H), 5.55 (d, 4 H, J = 12.04 
Hz), 6.58 (d, 1 H, J = 14.24 Hz), 7.43 (s, 1 H), 7.52 (m, 4 H), 7.69 (s, 1 H), 7.82 (s, 1 H), 
7.95 (d, 2 H, J = 7.40 Hz), 8.02 (d, 1 H, J = 14.24 Hz), 8.24 (t, 2 H, J = 8.72 Hz, J = 4.96 
Hz), 8.73 (s, 1 H), 9.04 (s, 1 H). 13C NMR (75 MHz, CD3CN): δ = 1.82, 2.09, 30.12, 
53.10, 54.38, 55.07, 115.66, 121.71, 121.75, 123.95, 124.04, 124.33, 125.79, 135.78, 
136.69, 138.03, 139.65, 139.75, 152.72, 153.49, 155.97, 156.23, 165.58. HR-ESI-MS: 
m/z calc. for [L3 –PC]2+, 401.1505 (Note: the exact mass was found to be 402.1793, but 
the fragmentation pattern is the same for theoretical and experimental for the exact mass 















































































































































































































































































































































































Figure 10. A2, B2, and C2 depict the 1H and 13C NMRs for L3-PC as well as the 












Ni-L3-PC: L3-PC (0.144 mmol, 0.1 g) was combined with 5 equivalents of Ag2O (0.722 
mmol, 0.167 g) in 20 mL of dry CH3CN. This solution was stirred overnight at reflux 
followed by centrifugation to remove the precipitate formed. Ni(DME)Cl2  (0.144 mmol, 
0.032 g) was added to induce a transmetalation and was heated at 45ºC. The reaction was 
monitored via NMR for several days and we discovered that the transmetalation had not 






































































































































































































































































Figure 12. A3, B3, and C3 depict the 1H NMRs for Ag-L3-PC and Ni-L3-PC, 
respectively, as well as the HR-ESI-MS for Ag-L3-PC. 
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PY: PY was synthesized by the 2 hour reaction between pyrene carboxaldehyde (0.75 
mmol, 0.173 g), bis(imidazolyl)ketone (0.75 mmol, 0.122 g), and CoCl2-anhydrous 
(0.0075 mmol, 0.001 g) at 93 °C. The product was purified via column chromatography 
over silica gel using ethyl acetate/hexane (started 1:9, eluted 1:4). Yield: 60 mg, 18.7%. 
1H NMR (300 MHz, CH3CN): δ = 5.45 (s, 1H), 7.09 (s, 4 H), 7.39 (d, 1 H, J =8.07 Hz), 
7.60 (s, 2 H), 8.04 (m, 1 H), 8.12 (s, 1H), 8.21 (m, 2 H), 8.25 (d, 1 H, J = 4.05 Hz), 8.30 
(d, 1 H, J = 6.9 Hz), 8.35 (d, 1 H, J = 8.28 Hz), 8.67 (s, 1 H). 13C NMR (75 MHz, 
CH3CN): δ = 1.27, 68.80, 119.67, 122.25, 124.72, 124.93, 125.50, 126.04, 127.13, 
127.33, 127.72, 128.15, 128.99, 129.32, 129.55, 130.09, 130.75, 131.26, 132.11, 133.43, 















































































































































































































































































Figure 14. A4, B4, and C4 depict the 1H and 13C NMRs for PY as well as the HR-




L3-PY: A mixture of 6,6’-bis(bromomethyl)-2,2’-bipyridyl (0.145 mmol, 0.05 g) and 
newly synthesized PY (0.145 mmol, 0.056 g) was stirred at reflux for 7 days in 50 mL of 
CH3CN-H2O solution (1:1, v/v). This was followed by an addition of NH4PF6 (6.8mmol). 
The solution was then centrifuged and the precipitate was collected via filtration. 
Although NMRs for this compound are difficult to distinguish, the structure was 
confirmed via HR-ESI-MS: m/z calc. for [L3 –PY]2+, 529.2231 (Note: the exact mass 
was found to be 530.2208, but the fragmentation pattern is the same for theoretical and 
experimental for the exact mass less two protons). See Figure 15 for reference.16 
 
Figure 15. The HR-ESI-MS for L3-PY. 
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L3: A mixture of 6,6’-bis(bromomethyl)-2,2’-bipyridyl (1.0 mmol, 340 mg) and di(1H-
imidazol-1-yl)methane (1.0 mmol, 148 mg) was stirred at reflux for 7 days in 50 mL of 
CH3CN-H2O solution (3/1, v/v). After the reaction period, 2 equivalents of AgOTf was 
added and refluxed overnight. The white precipitate was filtered and further purified via 
Sephadex column by eluting with methanol. The purified product was a white solid. 
Yield: 258 mg, 41.6%. The NMRs obtained for this compound were similar to the NMRs 
reported in “Electrocatalytic CO2 Reduction with Nickel Complexes Supported by 
Tunable Bipyridyl-N-Heterocyclic Carbene Donors: Understanding Redox-Active 
Macrocycles” for which the following values represent.16 1H NMR (500 MHz, CD3CN): 
δ = 5.67 (s, 4 H), 6.63 (s, 2 H), 7.57 (m, 4 H), 7.76 (s, 2 H), 7.89 (d, 2 H, J = 8.0 Hz), 
8.01 (t, 2 H, J = 8.0 Hz), 9.28 (s, 2 Hz). 13C NMR (125 MHz, CD3CN): δ = 53.51, 59.64 
122.10, 122.35, 123.08, 124.39, 138.09, 138.60, 152.16, 155.94. HR-ESI-MS: m/z calc. 
for [L3 – 2PF6]
2+, 165.0791, found, 165.0789; m/z calc. for [L3 – PF6]
+, 475.1224, 








Ru-L3-OTf: L3 (0.4 mmol, 100 mg) was combined with 5 equivalents Ag2O (3.2 mmol, 
0.741 g) in 10 mL of anhydrous CH3CN. This solution was stirred for 12 hours at room 
temperature followed by centrifugation to remove the fine precipitate formed. Instead of 
using Ni(DME)Cl2 as prescribed by the literature, [Ru(p-cymene)Cl2]2 (0.2 mmol, 12.09 
g) was alternatively added. This was heated at 45 ºC overnight. After complete 
metalation, a salt metathesis was performed by adding1 equivalent of Ag2OTf to replace 
Cl- counter-ions with OTf-. This solution was centrifuged then purified via Sephadex 
column. Pure crystals were obtained by diffusing diethyl ether slowly into a concentrated 
solution of Ru-L3-OTf in CH3CN. Yield: 56 mg, 42%. 1H NMR (400 MHz, CD3CN): δ 
= 1.66 (s, 6 H), 5.81 (s, 4 H), 6.45 (s, 2 H), 7.39 (d, 2 H, J = 4.12 Hz), 7.51 (d, 2 H, J = 
1.92 Hz), 7.79 (d, 2 H, J = 7.84 Hz), 8.18 (t, 2 H, J = 8.08 Hz, J = 9.04 Hz), 8.47 (d, 2 H, 
J = 8.28 Hz). 13C NMR (101 MHz, CD3CN): δ =1.80, 1.97, 2.01, 3.89, 15.70, 55.45, 
65.36, 66.35, 110.37, 121.43, 123.66, 123.95, 126.96, 139.31, 156.50, 158.27. HR-ESI-
MS: m/z calc. for [Ru-L3-OTf]2+, 429.0454 (Note: the exact mass was found to be 
430.0480, but the fragmentation pattern is the same for theoretical and experimental for 











































































































































































































































Figure 18. A5, B5, and C5 depict the 1H and 13C NMRs for Ru-L3-OTf as well as 
the HR-ESI-MS for Ru-L3-OTf. 
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RESULTS AND DISCUSSION 
I. Analysis of L3-PC 
We were very successful in adding PC onto the original L3 structure to create L3-
PC. Our intent was to metalate L3-PC and then convert the PC ester group into an acid. 
We were able to metalate L3-PC with silver to create an intermediate complex; however, 
the transmetalation with nickel was unsuccessful and therefore we were unable to 
proceed with the conversion to an acid.  
We have hypothesized two theories as to why we were not able to successfully 
add nickel to L3-PC. Our first hypothesis is based on the fact that PC is attached to L3 
via freely-rotating sp3 bonds denoted as Bond A on Figure 19 which would allow the 
ester group to rotate and possibly interfere with the metalation of nickel. This ideally 
would have no effect on metalation with silver due to the fact that silver is able to form 
up to 6 bonds easily and could therefore bond with the ester group as well as L3 while 





























Figure 19: A visual aid for hypotheses 1 and 2 for unsuccessful metalation with 
nickel.  
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Our second hypothesis is that the addition of PC could have distorted the two 
bonds denoted as Bond B and Bond C on Figure 19 which would in turn increase the 
bond distance of Bond D and Bond E. This would allow us to still metalate L3-PC with 
silver because it is almost twice the size of nickel and is therefore able to compensate for 
the increased bond length. We have not confirmed that either of these hypotheses is 
correct. We reason that DFT calculations could be performed in the future regarding L3-
PC in order to provide support for these potential explanations. 
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II. Analysis of L3-PY 
Adding PY to L3 proved to be more of a challenge than adding PC. We were able 
to add PY onto L3, but it was hard to purify and yielded very small amounts of product. 
We ran diluted reactions in both acetonitrile and dimethylformamide (DMF) to try to 
attain a better yield and prevent precipitation of mono-substituted products. In addition, it 
was hard to separate mono-substituted products from di-substituted products and di-
substituted products from the desired macrocyclic product. Our NMRs show many 
impurity peaks but also showed imidazolium C-H peaks alerting us that at least the 
reaction was successful in some aspect. Once we were able to confirm that we 
successfully synthesized L3-PY via LCMS, we moved forward with metalation but we 
had difficulty preparing the silver intermediate. Since we could not metalate with nickel 
and were having problems synthesizing L3-PY, we stopped experimentation at this point 


























































































































Figure 20. The crude 1H NMR for Ni-L3-PY 
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III. Analysis of Ru-L3-OTf 
We were successful in synthesizing and metalating Ru-L3-OTf, so we were able 
to move forward with further experimentation. We have performed cyclic voltammetry to 
determine if this complex is active catalyst for CO2 reduction .  
Electrochemistry was executed using a Bioanalytical Systems, Inc. (BASi) 
Epsilon potentiostat. Cyclic voltammetry studies were performed using a three-electrode 
cell featuring a glassy carbon disk (3 mm dia.) working electrode, a silver (Ag) wire as 
the reference electrode, and a platinum (Pt) wire as the counter electrode. All CVs were 
conducted in DMF containing 0.1 M Bu4NPF6 supporting electrolyte under a N2 
atmosphere. Solutions were degassed with N2 or CO2 for a minimum of 30 min before 
collecting data. All cyclic voltammograms (CVs) begin at the most positive potential, 
cycle through the most negative potential, and end where they began. Ferrocene was 




Proton Source Epc (V) 
None   CO2 -2.88 
5% H2O -2.75 
10% H2O -2.72 
5% TFE -2.72 
10% TFE -2.74 
Table	1.	CO2 reduction potential values at the third reduction peak of Ru-L3-OTf in 


























 Under N2, a quasi-reversible first reduction peak is seen as well as non-reversible 
second and third reduction peaks that are not distinct redox-couple peaks according to 
CV A in Figure 21. Under CO2, there is a slight current enhancement at the first reduction 
peak followed by a sizable peak at the third reduction per CV A in Figure 21. From this 
we note that this Ru-L3-OTf is active for CO2 reduction. We then wanted to add a proton 
source to see if the catalytic peak could be enhanced. Two proton sources were 
examined: H2O, a weaker proton source and TFE, a stronger proton source.  
Under N2/H2O as recorded in CV B via Figure 21, current enhancement is noted 
at the third reduction peak which alludes to the possible occurence of proton reduction 
	
Figure 21. A, B, and C are CVs 
corresponding to the data in Table 



















Potential (V vs Fc+/0 )
 N2
 CO2









































while, on the other hand, there is no current enhancement at the first reduction peak. 
Under CO2/H2O per CV C in Figure 21, though, there is a slight enhancement at the first 
reduction peak similar to in CV A with no proton source meaning CO2 reduction is still 
taking place. There is no significan current enhancement at the third reduction peak 
which could point towards the possiblity of a mixture of proton and CO2 reduction 
occuring. When TFE is added, the same trend is observed; proton reduction is observed 






Proton Source Epc (V) 
CO2 -2.76 
5% H2O -2.63 
10% H2O -2.92 
5% TFE -2.71 
10% TFE -2.78 
Table	2.	CO2 reduction potential values at the third reduction peak of Ru-L3-OTf in 
CH3CN from cyclic voltammetry in DMF/0.1 M Bu4NPF6 solutions corresponding to 
Figure 22.	
Figure 22. A, B, and C are CVs 
corresponding to the data in Table 2 for 





















Potential (V vs Fc+/0 )
 N2
 CO2














































Under N2, there are three reduction peaks with no proton source similar to as seen 
in CVs A-C in Figure 21 with DMF as the compound solvent instead of CH3CN used in 
CVs A-C in Figure 22. Under CO2/H2O as seen in CV C of Figure 22, prominent 
positively-shifted peaks appear which show that CO2 reduction is occurring at a less 
negative potential meaning it is proton coupled. In CV B of Figure 22, there is a small 
current enhancement at first reduction peak in TFE as compared to in H2O, but the third 





All controlled potential electrolysis (CPEs) were done with 0.5 mM Ru-L3-OTf in DMF 
containing 0.1 M Bu4NPF6/DMF with a glassy carbon rod electrode at applied potential E 






































15 1.5 - 
45 1.0 - 
90 0.8 - 
120 0.7 - 
Time  FECO FECH4 
15 2.6 - 
45 1.0 - 
60 0.9 1.8 
120 0.8 1.3 
145 2.8 4.7 
480 0.4 0.2 









































CPE under CO2 with 5% H2O
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Two CPEs were performed, one in the absence of a proton source and one with an 
added proton source. CPE A of Figure 23 was run for 2 hours without a proton source. 
Almost immediately, the graph can be observed diverging from an upward, linear trend to 
plateau horizontally meaning Ru-L3-OTf is getting deactivated. This is also seen in the 
rapidly decreasing Faradaic efficiency (FECO) as time passes, showing that this catalyst is 
not very active for a long period of time. When water was added as a proton source in 
CPE B of Figure 23, similar results were seen as in CPE A after a longer period of time. 
After 12 hours, activity drops and Ru-L3-OTf starts to deactivate. FECO starts at 2.6 and 
goes to almost 0% paired with the formation of methane as time passes. This again points 
to this catalyst deactivating.  
.     
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CONCLUSION 
We synthesized three variations of 3-Ni to form L3-PC, L3-PY, and Ru-L3-OTf.  
Each were redox-active macrocycles featuring a transition metal active site. The best 
metal complex synthesized for CO2 reduction was found to be Ru-L3-OTf. Catalytic 
activity was studied via cyclic voltammetry and longevity was observed via controlled 
potential electrolysis for Ru-L3-OTf. Overall, the CVs in Figure 21 and 22 as well as the 
CPEs in Figure 23 show that Ru-L3-OTf does facilitate a small amount of CO2 reduction 
and makes methane in small quantities, but overall it is not good at CO2 reduction. FEco 
is very low for the CPEs and has an overall downward trend meaning that Ru-L3-OTf 
deactivates over time. Since FEco is too low we cannot formally claim that this complex 
is an active catalyst for CO2 reduction.  
Interestingly, proton reduction is seen under N2 but not seen under CO2 for Ru-
L3-OTf which means that CO2 is inhibiting proton reduction since no hydrogen is 
produced in CPEs. This could lead to further exploration in the future to determine if Ru-
L3-OTf is a good catalyst for proton reduction with supplementary CPEs. In addition, 
DFT calculations are another future avenue to explore for not only Ru-L3-OTf but also 
L3-PC to determine why metalation with nickel was not occurring. L3-PC, L3-PY, and 
Ru-L3-OTf proved to be useful tools in determining possible ways to enhance existing 
redox-active macrocyclic catalysts through modifications in metal or in structure and 
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